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Biological Implications of the DNA Structures Associated with Disease-
Causing Triplet Repeats
Richard R. Sinden
Center for Genome Research, Institute of Biosciences and Technology, Texas A&M University, Houston
Within the last 6–8 years, the remarkable revelation that
many neurodegenerative diseases are caused by the ex-
pansion of triplet repeats has prompted a great deal of
research regarding the structure and biology associated
with triplet-repeat sequences in DNA (Wells and Warren
1998). To date, 112 human genetic diseases (table 1),
including myotonic dystrophy, fragile X syndrome,
Huntington disease, several spinocerebellar ataxias, and
Friedreich ataxia, have been associated with the expan-
sion of CTG, CGG, or GAA repeats (Pearson and Sinden
1998a). (For simplicity, references to CTG, CGG, and
GAA repeats indicate duplex-repeat sequences—that is,
(CTG)n• (CAG)n, (CGG)n• (CCG)n, or (GAA)n• (TTC)n.
Single-strand tracts will be referred to as (CTG)n,
(CGG)n, or (GAA)n tracts.) The expansion of triplet re-
peats represents a novel type of mutagenic event that
has not been identified, to date, in genetically tractable
organisms such as bacteriophage, Escherichia coli, yeast,
or Drosophila.
Survival and adaptation of a species requires a balance
between the repair of errors inherent in the replication,
repair, and recombination of DNA and the introduction
of occasional mutations as fodder for natural selection.
This balance is complex because not all sequences of
DNA undergo spontaneous mutagenesis at the same
rate. Spontaneous mutation hot spots are frequently as-
sociated with repeated DNA sequences, including in-
verted repeats, mirror repeats, runs of a single nucleo-
tide, and di-, tri-, tetra-, or higher-order–nucleotide
repeats. Therefore, a high frequency of spontaneous mu-
tagenesis associated with tracts of triplet repeats is not
a completely surprising event. However, the massive ex-
pansion of triplet repeats associated with fragile X syn-
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drome, myotonic dystrophy, and Friedreich ataxia was
completely unexpected.
Genomic DNA should not be considered merely an
informational repository in which structural RNAs and
proteins are encoded. Particular sequence arrangements
of DNA are also responsible for the shape of the DNA
helix, including bending of DNA, and variations in the
three-dimensional structure of the helix (Sinden 1994;
Bianchi and Beltrame 1998). This sequence heteroge-
neity causes structural variations in DNA that are re-
sponsible for the specificity of interaction with different
proteins. The particular sequence arrangements in DNA
can also lead to specific mutational events.
This review will briefly summarize work from the last
several years directed toward understanding the partic-
ular structural properties associated with CTG, CGG,
or GAA repeats; the interaction of proteins with triplet-
repeat DNA sequences; and several models to account
for the expansion and instability of triplet-repeat se-
quences.
Structural Properties Associated with Duplex Triplet-
Repeat Tracts
Linear DNA molecules containing triplet repeats mi-
grate anomalously during polyacrylamide electropho-
resis. This unexpected property immediately indicated
that triplet-repeat–containing DNA sequences adopt un-
usual structures with novel biophysical properties. One
aspect of these properties involves the inherent flexibility
of both CTG- and CGG-repeat tracts. Cyclization ki-
netics measurement has shown that CTG and CGG re-
peats possess greater flexibility than the mixed-sequence
DNA (Bacolla et al. 1997). Chastain and Sinden (1998)
demonstrated that even very short tracts of triplet re-
peats can impart a high degree of torsional flexibility in
small DNA molecules by showing that CTG repeats were
just as effective in removing DNA bending resulting from
phased polyadenosine tracts as were two consecutive
T•T mismatches.
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Protein Interactions with Duplex Triplet Repeats
Because the duplex helix structure associated with
triplet-repeat DNA sequences is so anomalous compared
with the mixed-sequence DNA found in most coding
regions, the interaction of proteins with certain triplet-
repeat tracts may be quite distinctive. Interactions of
nucleosomes with CTG and CGG repeats, for example,
are both unusual but lead to opposite effects. CTG re-
peats become organized into nucleosomes more easily
than mixed-sequence DNA, whereas CGG repeats are
only poorly organized into nucleosomes (Wang and Grif-
fith 1995; Wang et al. 1996). The ability of CGG triplet
repeats to organize into nucleosomes is influenced by the
state of methylation of CpG dinucleotides and the length
of the repeat tract (Godde et al. 1996; Wang and Griffith
1996). This differential behavior is surprising, given the
fact that both classes of repeats exhibit similar degrees
of increased flexibility. If the organization into nucleo-
somes were purely a function of flexibility, then both
repeats might be expected to show increased association
with nucleosomes. Possibly the radius of curvature re-
quired to assemble DNA into a nucleosome is not fa-
vorably adopted by the CGG repeats. The differential
organization into nucleosomes may have important bi-
ological consequences, because the organization of DNA
into nucleosomes can be important for the regulation of
gene expression. Hence, two DNA sequences with nearly
identical biophysical properties may lead to dramatically
different biological effects.
Long tracts of triplet repeats have the potential to
influence replication and transcription. As described in
more detail below, CTG-repeat sequences can block rep-
lication forks in E. coli (Samadashwily et al. 1997) and
promote strand switching during replication in vitro
(Ohshima and Wells 1997). However, once expansion
to thousands of repeats has occurred in individuals with
fragile X or myotonic dystrophy, the sequences appear
to be replicated with a relatively high degree of fidelity
and can even continue to expand in length (Wong et al.
1995). This difference between replication in human
cells and replication in vitro or in bacteria must reflect
a difference in the chromatin organization and/or rep-
lication machinery within these different systems.
Although DNA polymerase traverses triplet-repeat
tracts in vitro with difficulty, the same is not true of
human RNA polymerase II. RNA polymerase II effi-
ciently transcribes long (CTG)n, (CAG)n, (CGG)n, or
(CCG)n tracts, albeit at altered rates relative to mixed-
sequence DNA (Parsons et al. 1998). This result is con-
sistent with the observation that mRNA is expressed
from the expanded alleles of the myotonic dystrophy
gene but that expanded CUG transcripts interact ab-
normally with specific RNA-binding proteins, so they
may not be processed properly (Krahe et al. 1995; Tim-
chenko 1999 [in this issue]).
Alternative DNA Structures Formed in Triplet Repeats
There are several alternative DNA conformations that
can form within triplet-repeat DNA sequences (Mitas
1997; Pearson and Sinden 1998b). Several different hair-
pin structures and quadruplex structures can form
within single-strand tracts of CXG triplet repeats (where
X represents any nucleotide). Theoretically, slipped-
strand DNA structures can form within duplex DNA in
any triplet-repeat sequence. Intramolecular triplex DNA
structures form within (GAA)n• (TTC)n repeats.
Hairpins
Single-strand (CTG)n, (CAG)n, (CGG)n, and (CCG)n
repeat tracts can form intramolecular hairpin structures
stabilized by base pairs formed within every two of the
three bases of the triplet repeat (fig. 1A) (Mitas 1997;
Darlow and Leach 1998; Pearson and Sinden 1998b).
Both (CGG)n and (CCG)n strands can each fold into a
hairpin structure in two ways, involving either a G•G or
C•C mismatch. In contrast, (CTG)n and (CAG)n repeats
can each form only one type of hairpin structure with
a T•T or an A•A mismatch. As might be expected, the
stability of these different hairpin structures varies con-
siderably. For example, hairpins formed within (CTG)n
repeats are more stable than hairpins formed within
(CAG)n repeats. This effect may help explain the differ-
ential stability (discussed later) of CTG repeats that are
cloned in opposite orientations into different plasmids.
Because hairpins formed from (CXG) repeats contain
an X•X mismatch every 2 bp, DNA mismatch-repair
proteins can recognize features of these mismatch hair-
pins. In E. coli, the methyl-directed mismatch-repair sys-
tem recognizes mismatches and deletion/insertion loops
of !3–4 nucleotides. The human mismatch-repair system
functions similarly but involves a wide variety of pro-
teins that may be specialized for different mismatches,
and it can recognize mismatches and large loops as long
as 5–16 nucleotides. Purified hMSH2 protein binds dif-
ferentially to heteroduplexes containing (CTG)n and
(CAG)n loops in slipped-strand DNA and in “slipped
intermediate” structures (duplex DNA with only (CTG)n
or (CAG)n hairpins) (Pearson et al. 1997). hMSL2 binds
preferentially to the (CAG)n loop (or hairpin) relative to
a similar-sized (CTG)n hairpin. This differential binding
may be reflected in differential repair efficiencies of DNA
intermediates in a process of mutagenesis.
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Figure 1 DNA structures associated with triplet repeats. A, Hairpin structures. Hairpin structures can form from (CTG)n, (CAG)n, (CCG)n,
and (CGG)n repeats. In all cases, 2 CG bp are followed by either a T•T, A•A, C•C, or G•G mispair. These hairpins have various degrees of
thermal stability. B, Triplex DNA structures. Intramolecular triplex structures can form in (GAA)n • (TTC)n repeat tracts. In the structure shown,
the 3′ end of the pyrimidine-rich strand within the GAA tract unpairs and forms Hoogsteen base pairs with the purine bases of the Watson-
Crick helix, and the 5′ end of the GAA tract remains single stranded. C, CGG quadruplex. Single-stranded DNA containing runs of G residues
can form quadruplex DNA structures in which four Gs are held together by Hoogsteen base pairs. In the case of a CGG-triplet repeat, the
single-strand DNA can fold into a quadruplex-type structure containing two G quartets and a quartet composed of four C residues that are
weakly hydrogen bonded.D, Slipped-strand structure. Slipped-strand DNA structures can form after denaturation of the repeated DNA sequences,
if the repeat tract is renatured out of register. In the case of a (CTG)•(CAG) repeat, the slipped-strand structure would involve the formation
of a (CTG)n, as well as a (CAG)n hairpin in opposite strands. E, Folded slipped structure. A slipped-strand DNA structure formed within a
triplet repeat may organize into a folded-type structure in which the single-stranded DNA within the loop of the hairpins can engage in the
Watson-Crick–type hydrogen bonding.
Triplex DNA
Intramolecular triplex DNA forms in polypurine •
polypyrimidine sequences with mirror-repeat symmetry,
a condition met by GAA repeats (fig. 1B) (Bidichandani
et al. 1998). The formation of triplex DNA within GAA
repeats is favored by conditions of low pH and unre-
strained negative DNA supercoiling—conditions that
can exist in living cells. DNA sequences that can form
intramolecular triplex structures (Sinden 1994) can act
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as effective blocks to DNA replication in vitro and in
cells (Baran et al. 1987; Rao et al. 1988; Krasilnikov et
al. 1997). Presumably, replication pausing is caused by
dissociation of polymerase from the nascent strand and
formation of intramolecular triplex structures. Non–B-
DNA structures may form in long tracts of GAA repeats
and cause reduced transcription and replication, as has
been observed in vitro and in kidney cells from African
green monkeys (COS-7) (Bidichandani et al. 1998;
Ohshima et al. 1998). Thus, it is possible that long tracts
of GAA repeats in the frataxin gene may participate in
the formation of triplex DNA, an RNA:DNA triplex,
or a triplex containing an RNA:DNA hybrid.
Quadruplex DNA
DNA sequences containing tracts of guanine nucleo-
tides can form quadruplex DNA structures held together
by Hoogsteen base pairs between guanine bases (fig. 1C)
(Sinden 1994). CGG as well as AGG and TGG repeats
(and pure poly G tracts) can form a variety of quad-
ruplex DNA structures (Usdin 1998). The formation of
these structures would require long tracts of single-
strand repeats, as these quadruplex structures may not
form readily from duplex DNA structures. The base
pairings involved in the quadruplex structure preclude
formation via a Watson-Crick base-paired hairpin in-
termediate. Like intramolecular triplex structures, quad-
ruplex structures may act as efficient blocks to DNA
replication or transcription.
Slipped-Strand DNA
Slipped-strand DNA structures can form within re-
peated DNA sequences (Sinden 1994; Pearson and Sin-
den 1998a). Slipped-strand DNA forms from an out-of-
register alignment of complementary duplex strands
within the repeat region (fig. 1D). Such out-of-register
misalignment will result in the formation of loops in the
complementary strands. After denaturation and rena-
turation of DNA molecules containing CTG or CGG
repeats, a high proportion of the DNA population
adopts an alternative conformation that can be deduced
from the retarded mobility of these molecules in poly-
acrylamide gels. The amount of slipped-strand DNA
structure formed is proportional to the repeat tract
length and heterogeneity. Retarded mobility is consistent
with the formation of branches, loops, or hairpin arms
within the duplex DNA. Biochemical evidence and anal-
ysis by means of electron microscopy are consistent with
the existence of slipped-strand DNA structures formed
within the triplet repeats in otherwise duplex DNA mol-
ecules (Pearson and Sinden 1996; Pearson et al. 1998).
Because the looped-out strands in this structure are com-
plementary, it is very possible that folded slipped struc-
tures could form (fig. 1E). Slipped-strand DNA struc-
tures represent mutational intermediates in the
expansion or deletion of triplet-repeat DNA sequences.
Genetic Instability of Triplet Repeats
A remarkable feature associated with triplet-repeat
diseases is the unusual massive expansion associated
with fragile X syndrome, myotonic dystrophy, and Frie-
dreich ataxia. This type of mutagenic event had not been
observed before the discovery of the molecular basis for
these human genetic diseases. Unfortunately, this mas-
sive expansion has not been duplicated in simple model
systems, and it remains a unique feature of human ge-
netics. Nevertheless, studies in model organisms reveal
some significant properties of triplet repeats.
In general, triplet repeats, especially long ones, are
rather unstable in E. coli and yeast. Moreover, repeat-
tract orientation can alter stability. Thus, CTG tracts are
more prone to contraction (or deletion) when the (CTG)n
tract is found on the lagging, rather than the leading,
template strand. Conversely, expansions are favored
when the (CTG)n tract occurs on the leading template
strand (Kang et al. 1995). Deletions can result from hair-
pin formation, both because hairpins stabilize misa-
ligned intermediates preferentially in the lagging strand
(Trinh and Sinden 1991) and because they promote mis-
alignment (Sinden et al. 1991). DNA polymerases pause
at the base of hairpin structures and then slowly replicate
through the hairpin, and this pausing can promote ec-
topic primer-template misalignment.
The known features of triplet-repeat stability inE. coli
for CTG repeats can be explained by the differential
stability of (CTG)n or (CAG)n hairpins and the different
biochemical properties associated with replication of the
leading and lagging strands (fig. 2). First, the probability
of hairpin formation is greater in the lagging strand
where a single-strand DNA exists during replication.
The length of this single-strand region is always equal
to that of an Okazaki fragment. If single-strand binding
proteins are not bound to DNA, the single-strand triplet-
repeat tract can fold into a hairpin structure. Since
(CTG)n forms a more stable hairpin than does (CAG)n,
more hairpins are expected to form when the lagging
template strand comprises (CTG)n (fig. 2B) After a hair-
pin forms, replication slippage involving primer template
misalignment would lead to variable-sized deletions (fig.
2B). When (CAG)n is in the lagging strand template,
there is a lower probability that a hairpin will form in
the lagging strand and lead to deletions, although a
(CTG)n hairpin could still form in leading template
strand and cause a deletion (fig. 2C, left). Alternatively,
a hairpin can form in the lagging nascent strand, re-
sulting in a duplication (expansion) of the sequences in
the hairpin (fig. 2C, right).
Deletions resulting from hairpin formation would nec-
Figure 2 Models for genetic instability of triplet repeats. A, Error-free replication. The replication fork is shown in the “concurrent model”
form, in which a dimeric complex of two holoenzyme polymerase complexes replicates both the leading and the lagging strands simultaneously.
In this case, no misincorporations or primer template misalignment events leading to deletions or insertions of triplet repeats occur. Single-
strand binding protein (SSB) is shown as tetrameric balls. B, (CTG)n hairpin formation in the lagging strand. There is a higher probability that
(CTG)n can form a hairpin when the lagging template strand, rather than the leading template strand, is composed of (CTG)n. Such a hairpin
can form in the absence of binding of SSB on the lagging template strand and promote primer template misalignment. The CTG tract extruded
into the hairpin is then deleted as DNA polymerase (larger shaded balls) bypasses the structure during replication. C, (CTG)n hairpin formation
in the leading strand. As in the case of the lagging strand, primer template misalignment across a (CTG)n hairpin would lead to deletion during
leading strand replication (left side). The probability of (CAG)n hairpin formation is much lower than that for (CTG)n hairpin formation, because
of the difference in their thermal stabilities. However, the primer strand may unwind and form a (CTG)n hairpin in the lagging nascent strand,
which would lead to the expansion or lengthening of a CTG tract (right side). D, 3-bp replication slippage. Slippage of the replication machinery
by exactly 3 bp would cause a much smaller primer template misalignment than in the above models. When (CTG)n is found in the leading
template strand, a 3 bp loop-out of CAG in the nascent strand would lead to an addition of 3 bp, if uncorrected (top), and a 3 bp loop-
out in the CTG template strand would cause a 3-bp deletion (bottom). E, Reiterative synthesis at a folded slipped structure in the leading-
strand template. In certain cases, DNA polymerase is known to idle on a short template, generating very long nascent DNA strands. A block
to DNA polymerase movement may lead to long tracts of triplet repeats that become stabilized by hairpin (or other structure) formation. Such
blocks to DNA replication could include slipped-strand DNA structures or a folded slipped-strand structure. F, Reiterative synthesis at a
quadruplex in the lagging strand template. A quadruplex DNA structure could potentially form within the single-strand DNA in the lagging
template strand. This structure may form a significant block to DNA replication, promoting reiterative synthesis during replication of the lagging
strand.
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essarily involve a minimum length required to form a
hairpin (∼5–10 repeats). However, small deletions and
insertions of a single triplet repeat can also arise by
primer template misalignment involving 3 bp (fig. 2D).
In fact, recent genetic evidence has shown that such short
slippage events occur frequently in E. coli, and they ex-
hibit strand asymmetry (V. I. Hashem and R. R. Sinden,
unpublished results). Primer template slippage events in-
volving 3 bp are likely recognized by the E. coli mis-
match-repair system, whereas slippage involving 6 bp
would not be recognized. Recent evidence has shown
increased heterogeneity within triplet-repeat tracts in
mismatch-repair–defective E. coli (Schumacher et al.
1998), consistent with the existence of short slippage
events involving a single triplet repeat during DNA repli-
cation.
Triplet-Repeat Expansions Leading to Human Disease
Numerous models have been proposed to explain the
expansion of triplet repeats leading to human disease
(Pearson and Sinden 1998a). Expansions (and deletions)
can occur through primer template misalignment during
replication of a triplet-repeat tract (as discussed above
and in fig. 2). Primer template misalignment (and slip-
page) at the 3′ end of an Okazaki fragment could also
lead to the expansion of triplet repeats. Simple recom-
bination or gene-conversion–type mechanisms might
lead to doubling or possibly tripling of the repeat length,
but these mechanisms cannot easily explain expansion
events of the magnitude observed in fragile X syndrome
or myotonic dystrophy. However, such mechanisms
could be involved in shorter expansions observed in
many other triplet-repeat diseases.
Repetitive misalignment events or reiterative DNA
synthesis could lead to expansions longer than the length
of the original repeat tract. Sinden and Wells (1992)
suggested that the massive expansion could result from
reiterative DNA synthesis occurring when DNA poly-
merase encounters a physical block to replication. This
model alone can easily explain expansion from hundreds
to thousands of triplet repeats in a single step (fig. 2E
and F).
A general feature of triplet-repeat disorders is that
instability and disease are often associated with the for-
mation of a pure tract of triplet repeats from one that
contains sequence interruptions. Occasionally, normal
individuals are identified with lengths of triplet repeats
beyond those associated with the disease threshold. In
these cases, the long tracts of triplet repeats are usually
interrupted with a nonrepeat trinucleotide. Conversely,
relatively short repeat tracts may be associated with dis-
ease when interruptions in the sequence are lost. There-
fore, the development of the disease state, as well as the
propensity for subsequent expansion, is associated with
the length of a pure repeat tract (Pearson and Sinden
1998a).
The probability of forming slip-stranded DNA struc-
tures is proportional to the length of the triplet-repeat
tract. Moreover, sequence interruptions within pure re-
peat tracts dramatically decrease the propensity to form
slipped-strand DNA structures as well as the heteroge-
neity of structures formed. Thus, the protective effect of
the sequence interruptions in the formation of alternative
DNA structures parallels that for the acquisition of the
disease state. There are several possible explanations for
this correlation. First, after primer template slippage, a
mismatch will destabilize the duplex helix. Thus, the
total number of possible stable structures formed will
be much lower for a triplet-repeat tract containing se-
quence interruptions. Similarly, hairpin structures con-
taining a sequence interruption are relatively unstable
compared with those formed within pure repeat tracts.
Finally, hairpins containing additional mismatches (or
regions of slipped mispairing containing such mis-
matches) will be more prone to repair by mismatch-
repair systems, thus reducing the propensity for expan-
sions or deletions. Thus, if the formation of an alter-
native DNA structure is involved in the instability as-
sociated with repeat tracts, sequence interruptions cer-
tainly have a protective effect on genetic instability.
Conclusion
The discovery of expanding repeat tracts associated
with human disease has revealed an unexpected char-
acteristic of a simple DNA sequence in the context of
the human genome. This instability and the propensity
for massive expansion likely reflect a new mutational
mechanism (or combination of processes) that is not a
feature of simpler model genetic organisms. The molec-
ular mechanisms responsible for the genetic instability
observed in triplet-repeat–associated disorders likely in-
volve the unique structural properties associated with
simple triplet-repeat tracts. A greater understanding of
both the triplet-repeat DNA structures and the molecular
mechanisms responsible for spontaneous mutations will
be required before we can understand which of the mod-
els discussed above are responsible for repeat instability
leading to triplet-repeat–associated human diseases.
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